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Abstract: The rapidly rising level of carbon dioxide in the
atmosphere resulting from human activity is one of the
greatest environmental problems facing our civilization today.
Most technologies are not yet sufficiently developed to move
existing infrastructure to cleaner alternatives. Therefore,
techniques for capturing carbon dioxide from emission
sources may play a key role at the moment. The structure of
the UiO-66 material not only meets the requirement of high
stability in contact with water vapor but through the water
pre-adsorbed in the pores, the selectivity of carbon dioxide
adsorption is increased. We successfully applied the recently
developed methodology for water adsorption modelling. It
allowed to elucidate the influence of water on CO2 adsorption
and study the mechanism of this effect. We showed that
water is adsorbed in octahedral cage and stands for promotor
for CO2 adsorption in less favorable space than tetrahedral
cages. Water plays a role of a mediator of adsorption, what is
a general idea of improving affinity of adsorbate. On the basis
of pre-adsorption of methanol as another polar solvent, we
have shown that the adsorption sites play a key role here,
and not, as previously thought, only the interaction between
the solvent and quadrupole carbon dioxide. Overall, we
explained the mechanism of increased CO2 adsorption in the
presence of water and methanol, as polar solvents, in the
UiO-66 pores for a potential post-combustion carbon dioxide
capture application.
Introduction
It comes as no surprise that one of the biggest problem in
today‘s world is global warming.[1,2] The main source of this
problem are the exhaust gases, in particular the carbon dioxide
resulting from the combustion of coal. Coal-based power is
being successfully phased out in some part of Europe, e.g. in
France or Germany,[3] either with the use of natural gas or
renewables. Unfortunately, converting all existing infrastructure
from coal-based to cleaner alternatives is often very expensive,
and because of it becomes challenging. Concerns about rising
level of atmospheric carbon dioxide have led to significant
interest in capture and permanent sequestration of CO2, but
this is still a huge challenge.[4] So far, the use of aqueous
adsorbates with amine groups is very popular for the
adsorption of CO2,
[5,6, 7, 8] but extending their use to industrial
scale has many limitations, for example, due to the high
probability of corrosion of the pipelines. These limitations have
shifted the area of interest to solid materials such as metal-
organic frameworks (MOFs). Features of an ideal adsorbent for
capturing CO2 from flue gas include high sorption capacity,
stability under operating conditions, i.e., high temperature and
humidity, as well as high selectivity towards carbon dioxide.
Finding a material that meets all these assumptions is a difficult
task, since many MOFs, despite their high product selectivity,
are not stable in the presence of water vapor, which the
exhaust gases are saturated with.[9,10] There are several known
MOFs that are water stable, such as MIL-100,[11–13] MIL-101[14,15]
or MIL-53[16,17] but the flagship in terms of water adsorption,
zirconium-based UiO-66, stands out.[18–22] Moreover, several
studies have been conducted on the co-adsorption of water
and carbon dioxide in MOF materials,[23,24,25,26] where the pre-
adsorbed water increased the carbon dioxide adsorption
capacity. Most previous works explained this fact by additional
Coulomb interactions between carbon dioxide and water
molecules. Research on single-component adsorption studies of
carbon dioxide in UiO-66 has shown its selectivity[27–36] but so
far only one study has been published on increased CO2
adsorption in the presence of water.[37] However, despite careful
analysis of the impact of the defects, too little emphasis has
been placed on explaining the mechanism of water adsorption
to understand exactly why carbon dioxide adsorption is
increased. To the best of our knowledge, so far no studies have
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addressed the topic of the pre-adsorption effect of other polar
solvents of similar structure and their preferential adsorption
sites, for example, alcohols. Here, we focus on explaining the
mechanism of enhanced adsorption of carbon dioxide in UiO-
66 material in the presence of pre adsorbed polar solvents. We
preceded this research by carefully analyzing the effect of
nitrogen in the exhaust gas and selecting the pressure range at
which the adsorption capacity can be improved.
Results and Discussion
Pure carbon dioxide adsorption
To start working on increasing the sorption capacity of carbon
dioxide in UiO-66, one first needs to understand the mechanism
of pure gas adsorption. We calculated carbon dioxide isotherm
in the range 0–20 bar at 298 K. Figure 1 shows the plot of the
CO2 adsorption isotherm compared with experimental iso-
therms and other simulated isotherms from the literature. It can
be observed that, although in overall simulation results over-
predict experimental data, (not only in this study but also in the
other works), the agreement is good enough. The over-
prediction is usual when using generic force fields and can be
due to many external factors, such as the synthesis method of
the materials, the number of defects, the impurities present in
the sample, etc. A scale factor can be used to match experi-
ments, but as the aim of these calculations is to capture the
general trend of the experiments more than accurately
reproduce one of the experimental data sets, that approach is
not needed for this work.
As can be seen in Figure 1 (top) at pressure above 1 bar, our
results are closer to those from refs 28 and 35 and lead to
slightly higher values than other simulation studies. However,
focusing on the range 0–1 bar (Figure 1, bottom), our simu-
lations are in line with other computational studies and provide
the best agreement with experiment. In Figure 1, it is worth to
note the insets representing the average occupational density
profiles (AOP). It is known that UiO-66 material contains two
types of cages - octahedral and tetrahedral. They differ mostly
in the orientation of the terephthalic (bdc) linkers in such a way
that in tetrahedral cages the organic linkers are “closer” to the
inside of the pores. The two types of cages also differ in their
size (tetrahedral cages ~8 Å and octahedral cages ~11 Å).
Analyzing the AOP we can observe that carbon dioxide at
pressures up to 1 bar favors filling almost only tetrahedral
cages-more than 95% of the molecules are present there.
Adsorption in octahedral cages only occurs at high pressures.
This observation may lead to conclude that the molecules
of carbon dioxide perfectly fit in the corners of the tetrahedral
cages but not in the octahedral cages. This is attributed to the
known size entropy effect of the molecules within the pore. In
other words, tetrahedral cages contain preferential adsorption
sites for this gas and octahedral cages do not. This information
is important for selecting the pre-adsorbent to increase the CO2
capture capability.
Nitrogen/carbon dioxide mixture
The exhaust gases produced by combustion of coal in the air
contain a relatively low content of carbon dioxide (about 20–
25%). They consist of nitrogen, as well as small amounts of
water, oxygen, carbon monoxide, nitrogen oxides and sulfur
oxides.[38] The gas stream is released at a total pressure up to
1 bar. Taking this into account, the next step in our research
was to investigate whether the simultaneous adsorption 75%
of nitrogen and 25% of carbon dioxide would not affect the
selectivity of the UiO-66 material to CO2 up to 1 bar. As can be
seen in Figure 2, despite the higher molar fraction of nitrogen,
adsorption of carbon dioxide is still predominant. We also
calculated the adsorption selectivity of carbon dioxide over
nitrogen from the binary mixture (CO2/N2 25 :75). As shown in
Figure 2, the adsorption selectivity does not change in the
whole pressure range studied, reaching a value around 20.
Stronger interactions of carbon dioxide are a consequence of its
three times higher quadrupole moment than that of nitrogen. It
Figure 1. Calculated CO2 adsorption isotherm at 298 K in UiO-66 with
average occupational density profiles plotted for 1 bar and 20 bar. For
comparison, experimental isotherms and other simulated results from the
literature were also plotted, measured at 298 K.[26,28,30,31,32,33,34,35,36,37]
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goes in line with the computed heats of adsorption-higher heat
of CO2 adsorption in UiO-66 reaching about 25 kJmol
  1
(Supporting Information, Figure S1), while the heat of nitrogen
adsorption is about 15 kJmol  1. The total heat of adsorption of
this process increases with increasing pressure (0–1 bar) from
23 to 25 kJ·mol  1, which is due to the appearance of additional
interactions between carbon dioxide molecules.
Solvent/carbon dioxide mixture
Considering that the exhaust gases are saturated with water
vapor, it is necessary to determine the influence of the presence
of water on the adsorption of carbon dioxide. First, however,
we examined the adsorption of these two adsorbates simulta-
neously. As the affinity of water to UiO-66 material is higher, its
adsorption can result in preventing CO2 adsorption, by blocking
adsorption space. Based on the known hydrothermal stability of
the UiO-66 MOF,[20,39, 40] we simulated the co-adsorption of
increasing mole fraction (0.01, 0.025, 0.05) of water and
accordingly decreasing carbon dioxide content for total
pressure from 0 to 20 bar, in order to cover the full range of
adsorption possibilities These amounts of water in the 0–1 bar
correspond to 0–30% RH, 0–75% RH, and 0–150% RH,
respectively. We As expected, even a small water content in the
mixture (0.01 mol fraction) results in a high water adsorption,
preventing the adsorption of carbon dioxide in the structure at
high pressure. Figure 3 also shows that at low pressure (from 0
to 1 bar) the increase of water in the mixture leads to a
reduction of the CO2 adsorption in the framework. However, in
the range down to 1 bar the simultaneous adsorption of water
and carbon dioxide would be possible. Therefore, we focused
on that pressure range to determine if pre-adsorbing water in
the structure will enhance the adsorption of CO2. This part of
the research results in a great advantage of UiO-66 over other
materials since it turns out that it is very easy to pre-adsorb
water vapor in the pores. It is worth to emphasize that many
other MOFs are known to be selective for CO2
[41] but water pre-
adsorption to increase the sorption capacity would be impos-
sible due to their hydrophobicity,[42] contrary to UiO-66 which
hydrophobicity is not that high.
To determine what content of pre-adsorbed water allows to
increase the sorption capacity of carbon dioxide, tests were
carried out with the amount from 3 to 1037 water molecules
per unit cell ranging from 1 to 20 bar. The influence of presence
of water on CO2 adsorption was studied in two stages. First, we
carried out the adsorption of water at 298 K in the p/p0 range,
which corresponds to pre-adsorption of water (or correspond-
ing partial pressure). This step allowed the determination of
specific positions of water molecules in the unit cell at
successive set pressures. Then, we performed carbon dioxide
adsorption in the presence of prespecified and controlled
amount of water. Figure S2 in Supporting Information shows
those tests as dotted lines. The isotherm of pure CO2 is marked
in gray and the cyan line refers to the adsorption of CO2 in the
presence of about 100 water molecules per unit cell, i.e., about
1.8 mmolg  1. As can be seen, in the range up to 1–2 bars,
difference between the value of CO2 sorption with and without
H2O pre-adsorption is positive, and from about 3–4 bar - it is
becoming negative. It can be observed on Figure S3 in the
Supporting Information, where the difference and relative
difference between carbon dioxide adsorption and carbon
dioxide with pre-adsorbed 1.8 mmolg  1 of water. A relative
increase can be observed in the range of 0–4 bar, and for the
low pressure range (below 0.2 bar) it reached 30%”.
The range from 0 to 1 bar, already confirmed in previous
research (Figure 4a), turned out to be optimal for obtaining
enhanced CO2 adsorption capacity. The presence of
1.8 mmolg  1 water in the pores of UiO-66 increases the
adsorption by almost 20% at 1 bar, which means that the three
pre-adsorbed water molecules per unit cell allow one extra
carbon dioxide molecule to be adsorbed.
Figure 2. Adsorption isotherms of 0.75 molar fraction of nitrogen and of 0.25
molar fraction of carbon dioxide mixture in UiO-66, together with CO2/N2
selectivity. Figure 3. Adsorption isotherm of water (circles) and carbon dioxide
(triangles) mixture in UiO-66 from 0 to 20 bar at 298 K. Inset shows the rage
from 0 to 1 bar only for carbon dioxide adsorption.
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To understand the reason behind enhanced adsorption in
UiO-66, an analysis of the adsorption energy is needed. For this
purpose, the contributions to the intermolecular adsorption
energy-so the guest-host, guest-guest and guest-pre-adsorbate
contributions (in this case the interaction energy between
carbon dioxide and UiO-66 framework, between carbon dioxide
molecules and between carbon dioxide and water molecules
respectively) were calculated using Equation (1) (Figure 5):
Uinter ¼ Uguest  host þ Uguest  preads þ Uguest  guest (1)
The most important interactions for adsorption are these
between the guest molecules and the host framework. The
most interesting part is the range from 0 to 1 bar (i.e., the part
in which the sorption capacity increases) - it can be seen that
the energy of the guest-pre-adsorbate interaction (CO2-H2O), is
greater than the guest-guest interaction. It can be said that the
appearance of an additional stabilizing interaction with pre-
adsorbed water increases the CO2 adsorption capacity. How-
ever, the guest-host and guest-pre-adsorbate energies did not
change much with pressure (or loading). The radial distribution
functions (RDFs) shown in Figure S4 in the Supporting
Information suggest that despite the energetic conditions, at
the beginning the carbon dioxide molecules accumulate at a
distance of around 6 Å, and at higher pressures they approach
to a distance of 4 Å. This behavior may be due to a preference
for adsorption in tetrahedral cages as opposed to water which
prefers to adsorb close to the metal clusters.
To fully understand the enhanced adsorption mechanism
one can compare the average occupational density profiles
(Figure 6), i.e., adsorption sites projected onto the xy plane at a
pressure of 1 bar. Water molecules (right) occupy adsorption
sites near zirconium clusters, so in the corners of octahedral
cages. The reason why water adsorbs at the corners of
Figure 4. a) Adsorption isotherms of carbon dioxide with 0.1 to 1.8 mmol·g  1 pre-adsorbed water vapor in pores of UiO-66 from 0 to 1 bar. b) Adsorption
isotherms of carbon dioxide with different content of pre-adsorbed methanol in pores of UiO-66 from 0 to 20 bar.
Figure 5. Guest-guest, guest-preads., and guest-host adsorption energy contributions for the adsorption of CO2 with pre-adsorbed water (a) and with pre-
adsorbed methanol (b). CO2 isotherm is added as a reference.
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octahedral cages can again be attributed to an entropy effect of
the size and shape of the molecule of water. The relative
orientation of the linkers creates small corners in the octahedral
cages that match with the shape and size of the water molecule
making them the main adsorption sites for water. After pre-
adsorption of water, carbon dioxide molecules start filling the
octahedral cages even at low pressure, unlike adsorption
without water vapor where the octahedral cages are almost
empty. On this basis, it can be concluded that the increase in
adsorption occurs as a combination of the interactions between
the water dipole and the quadrupole moment of carbon
dioxide and the interactions with the UiO-66 framework. Water
molecules “colonize” unfavorable adsorption sites for carbon
dioxide in octahedral cages and transform them to serve as
more favorable sites for carbon dioxide adsorption.
At this stage, it is important to check if other polar solvents,
similar in structure to water, have the same effect on carbon
dioxide adsorption. For this purpose, the first step was to
calculate the co-adsorption of 1, 2.5 and 5 mole percent of
methanol and accordingly decreasing carbon dioxide content
for total pressure from 0 to 20 bar (Figure 7). The observations
are extremely different than those for water. Methanol does not
prevent the adsorption of CO2 in the material, but it hampers it.
As shown in Figure 7, only with 5% of methanol in the mixture
causes an advantage in sorption of this solvent. After this test, it
can be expected that the pre-adsorption will also take place
differently.
Next, analogous research was conducted as for the water,
but with the increasing number of pre-adsorbed methanol
(Figure 4b). Unfortunately, despite the polar structure and
preferred adsorption sites similar to those of water, the
presence of pre-adsorbed methanol does not increase the
adsorption capacity of CO2. In fact, the effect observed is the
opposite: The presence of 0.2 mmol·g  1 results in lowering the
isotherm just from the starting point, and larger amounts
reduce adsorption significantly. The only exception is the case
of pre-adsorbing 0.1 mmolg  1 methanol (which corresponds to
4 methanol molecules per unit cell) where the adsorption
capacity increases by less than 5% and only after applying high
pressure.
Differences in the behavior of carbon dioxide after pre-
adsorption of water and methanol may result from differences
in the adsorption sites. Similar to water, methanol adsorbs in
the octahedral cages, but methanol also occupies places in
tetrahedral cages, directly competing with CO2 for the adsorp-
tion in these sites and therefore reducing the sites where
carbon dioxide can be adsorbed. In addition, the size of the
molecules of methanol in combination with their location in the
octahedral cages, do not prevent the adsorption of CO2, but do
not favor its adsorption, neither. This behavior can be observed
in Figure S5 in Supporting Information, where Average occupa-
tional density profiles are shown.
As with water, we also calculated the intermolecular energy
contributions for pre-adsorbed methanol (Figure 5). Similarly,
the interaction between guest molecules and host framework is
the greatest, however, in this case, the interaction energy
between methanol and carbon dioxide is constant in practically
the entire pressure range. This energy is almost zero and never
is greater than the interaction CO2-CO2, therefore the molecules
of methanol are not able to act as binding sites for the
molecules of carbon dioxide and the key role is played by the
interaction between carbon dioxide molecules.
Conclusions
Single-component and binary adsorption of carbon dioxide
with nitrogen, water and methanol in UiO-66 have been
calculated by GCMC simulation. On the basis of nitrogen and
carbon dioxide co-adsorption studies, we determined the
selectivity for the desired product. Then, based on water co-
adsorption and pre-adsorption, it was possible to evaluate the
amount of water in the pores, which increases the adsorption
of CO2 by about 20%. Based on Average occupational density
profiles and contributions to intermolecular energy, it was
possible to have an insight into an enhanced CO2 adsorption
Figure 6. Average occupational density profiles of: carbon dioxide (left), 1.8 mmol·g  1 of water (right) and carbon dioxide after pre-adsorption of 1.8 mmol·g  1
of water (centre) at 1 bar. For better observation of the effect, water molecules were not included in the centre figure. The schemes of the structure and
colour scale (representing occupancy increasing from bottom to top) are also included.
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mechanism. We found that due to the size effect, carbon
dioxide is preferentially adsorbed at the corners of the
tetrahedral cages. On the other hand, water is adsorbed at the
corners of the octahedral cages (although these cages are
larger, their corners are sharper than those of tetrahedral
cages). The population of the octahedral cages by water
originates new sites that are favorable for CO2 adsorption. In
this way, a combination between the dipole-quadrupole
interaction and the molecule-framework interaction is respon-
sible of the enhancement of CO2 adsorption when pre-
adsorbing water in the material. An attempt to extend this
phenomenon to other polar molecules on the example of
methanol showed that a similar structure and additional
Coulomb interactions are not sufficient to achieve similar effect.
In this case, although the methanol molecules allow the
adsorption of carbon dioxide in the octahedral cages, this also
prevents the adsorption of carbon dioxide CO2 in the
tetrahedral cages. Overall effect depends on balance between
these two competitive processes. To improve the carbon
dioxide loading, it is crucial to turn the unfavorable space in the
octahedral cages into favorable adsorption sites, which can only
be achieved by pre-adsorption of water.
Computational details
In order to describe the molecule of water we used TiP4p-Ew
model,[43] TraPPE force field[44] for methanol, for carbon dioxide
the model developed by García-Sánchez et al.,[45] and for
nitrogen the model from Martín-Calvo et al. work.[46] To model
the quadrupole moments of CO2 and N2 double positive charge
was placed in the center of mass.[47] The calculations were
performed in a 2x2x2 unit cells simulation box and the
framework was modeled as rigid with applied periodic boun-
dary conditions.[48] The pre-adsorbed molecules of water and
methanol were modeled as neutral extra-framework molecules.
The DREIDING force field[49] was used for all framework atoms,
except for zirconium, where we used UFF.[50] Guest-host
interactions were calculated with the standard Lorentz-Berthe-
lot mixing rules (Table S1 of the Supporting Information). We
used the cif file provided by Ghosh et al.,[51] however, it was
necessary to modify framework charges. In a previous study, we
found that none of the reported works in the literature
reproduced water adsorption isotherms in UiO-66. We devel-
oped a methodology to provide a new set of charges for the
framework that used in combination with UFF and DREIDING
force fields, leaded to the correct representation of interactions
between the framework and water molecules.[52] As the set of
charges for the framework and the model of water molecule
are crucial here, we used the models and charges from previous
work. The cif file with modified framework charges is included
in the Supporting Information. The cut-off distance of Lennard-
Jones potential was set to 12 Å. To calculate adsorption
isotherms Monte Carlo simulations in the grand-canonical
ensemble (GCMC) were used.[53] Each point on the adsorption
isotherms was obtained by running 105 initialization cycles
followed by 106 production cycles with equal probabilities of
translation, rotation, swap and reinsertion trial moves. Adsorp-
tion selectivity CO2/NO2 was calculated by applying the





where q are adsorption quantities in mmol/g and x are molar
fractions of components i (CO2) and j (N2). Heats of adsorption
were obtained from MC simulations in the canonical ensemble
using the Widom particle-insertion method.[54] All above calcu-
lations were performed using the RASPA code.[55,56]
Figure 7. Adsorption isotherms of different molar percentage of methanol
(circles) and carbon dioxide (triangles) mixtures in UiO-66 from 0 to 20 bar at
298 K.
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